ABSTRACT
INTRODUCTION
High-throughput screening (HTS) is a technique for searching large libraries of chemicals to better understand treatment of disease and disease pathways. Quantitative microscopy has emerged as one of the most powerful and informative ways to analyze cell-based screens. However, many diseases and biological pathways can be better studied in whole animalsparticularly diseases that involve organ systems and multicellular interactions.
Zebrafish (Danio rerio) is an important model organism in many fields of research, including organismal development, cancer, and neurobiology [1, 2, 3] . Many human disease models have been established in zebrafish, and this along with its translucent body makes it an attractive candidate for largescale whole-organism image-based assays for early-phase This work was supported in part by grant number R01 GM095672 from NIH and SciLifLab Sweden. drug discovery campaigns and for identifying biologically active compounds [4, 5] . However, a current limitation is the availability of widely accessible high-throughput image analysis platforms. Such platforms will improve the data analysis throughput, robustness of phenotype scoring and reliability of statistical metrics for evaluating assay performance.
In this study we focus on drug-induced neuronal damage, such as in response to Camptothecin (Cpt). This is expressed as a severe curling of the fish tails due to the inhibition of the DNA repair [6] . Methods for accurate, robust and automated quantification of this gross deformation, in microscopic images, would be beneficial to a variety of high-content screens in zebrafish. However, the zebrafish larval tails are almost transparent which confounds their delineation and subsequent curvature extraction. In addition, the task is significantly impeded by the presence of multiple, sometimes overlapping fish in each micro-plate well. On the other hand, placing multiple fish in each well increases the statistical value of the screen while limiting the use of valuable chamical libraries.
Previous work on image-based analysis of zebrafish has either focused on analysis of structure and function at the cellular level [7] or has been limited to analysis of single-fish wells [8, 9] . Previous analysis of multi-fish wells has been constrained to non-overlapping fish [10] . To the best of our knowledge, the method we propose here is the first to cope with zebrafish curvature extraction from multi-fish wells with overlapping fish.
METHOD
Typically, object feature extraction is handled as a sequential pipeline comprising object identification, subsequent delineation and finally feature extraction. A drawback of such an approach is the propagation and compounding of errors through the pipeline. To address this we propose a different, yet simple, bottom-up approach requiring limited parameter tuning. The method has four steps: (i) Image pre-processing and foreground/background segmentation (Sec. 2.1); (ii) Generation of branch-free refined medial axes for all "tail- . In other words, we are not trying to explicitly identify individual fish, but search directly for the tails on which we make feature measurements.
Pre-processing
As shown in Figure 1a , the microscopy images suffer from inhomogeneous illumination. This inhomogeneity is estimated through a convex-hull approach and corrected through pixelwise subtraction (Fig. 1b) [11] . Subsequently, the image is grayscale inverted to yield bright fish on a dark background. Next, we apply Gaussian smoothing and Otsu thresholding to yield the fish as the foreground of a binary image (Fig. 1c) .
Refined medial axis generation
Next, we want to extract the medial axis for each "tail-like" foreground segment (i.e., elongated foreground region with upper and lower bounds on its width), as shown in Fig. 1e . Blum's Medial axis transformation (MAT) [12] often results in branched skeletons requiring pruning. Instead, we use a modified branch-free approach with variable smoothness and sub-pixel resolution. For clarity we will henceforth refer to this approach as the refined medial axis (RMA), in contrast, we will refer to the output of a traditional MAT as the medial axis (MA). For details of RMA generation and propagation please refer to our previous work [13] . However, our previous work was constrained to a single RMA per image; therefore, it utilized a naive seeding strategy for RMA initialization. At present, we aim to measure the curvature of multiple objects in an image; therefore, we propose an efficient multi-seeding strategy. First, we compute a MAT of the image foreground (green curves in Fig. 1d ) and select a random set of seedpoints situated on these MAs (red markers in Fig. 1d) . Subsequently, we remove a subset of these seed-points to decrease the computational complexity of RMA generation in a twostep process: (i) Any seed which occurs close to another seed is removed to ensure a more uniform spatial distribution of the seed-points; (ii) Any seed which occurs close to an already generated RMA is removed as it is likely to result in the same RMA. Each RMA consists of a set of ordered 2D points, each point P k encodes both the position and the local width: P k = {x, y, w}. An RMA terminates when either one of these three conditions is satisfied: (i) Intersection with a foreground boundary; (ii) Increase in the object width beyond a threshold; (iii) An increase in the width of a tapering object (this typically occurs when a narrow tail is occluded by a wider yolk-ball).
RMA fusion
As mentioned earlier, an RMA may represent only a part of a zebrafish tail; therefore, multiple RMAs may need to be joined/fused together (i.e., through interpolation) to yield a complete tail. Before the fusion, the segments (i.e., represented by the RMAs) shorter than a lower threshold are removed and segments with length situated in an intermediate interval are retained only if they can be fused with longer segments. A fusion occurs when two physically disjoint RMAs are almost collinear (i.e., similar slopes and intercepts) and situated close to each other. RMA fusion is instrumental for recovering the tail curvatures for fish that overlay, and therefore occlude, each other. Figure 1f displays an example of fusion: the red lines represent tail-segments fused together to yield the complete zebrafish tails (shown in yellow). 
Curvature extraction
An RMA comprises an ordered set of 2D points and is regularized through B-spline fitting. The RMA curvature is defined as the integral of the local curvatures along its length. We calculate these local curvatures for each triplet of neighboring points, that is, we compute n − 2 local curvatures for a RMA comprising n points. Given any three neighboring points P , C and N (i.e., the previous, the current and the next point), a pair of vectors V 1 and V 2 are generated as the difference of the corresponding components of the point pairs P -C and C-N (Fig. 2a) . The angle α between V 1 and V 2 (i.e., the local curvature at C) is calculated as,
The RMA direction (i.e., either left or right curving) is determined through the sign of the normal-component (i.e., theẑ component) of the cross product V 1 × V 2 , defined as,
We use the fan-beam width [14] as a descriptor for overall tail-bend. The fan-beam width is a measure of the plane angle (Fig. 2b ) and is measured with reference to the anteriormost point on the RMA. We distinguish between the anterior and the posterior ends of a tail-segment through analysis of its width; an anterior end is wider than a posterior one. 
RESULTS

Image data
The image data consists of two replicates (i.e., data sets) containing 67 and 72 images, respectively. The images were acquired through bright-field microscopy in round-well 96-well plates with typically 5 zebrafish per well. In the first data set, 24 wells were untreated (i.e., negative control), remaining groups of 19 and 24 wells were treated with 100 nM and 200 nM of Cpt, respectively. The second data set comprised 36 wells treated with 100 nM Cpt and 36 untreated wells. The micro-plate wells were classified on both per-well and per-fish basis: (i) In the per-well approach, the feature vectors for all fish within a well are added (i.e., element-wise addition) to yield a resultant feature vector for the well which is then used for classification; (ii) In the per-fish approach, each fish in a well is classified independently on the basis of its feature vector. Subsequently, the classification labels for the fish in a well are combined in a simple voting scheme to generate a classification label for the well. All system parameters were tuned on one of the two data sets, while tested on the other. The same approach was used for classifier training.
Classification of the micro-plate wells
We observe a maximum 95% per-well and 91% per-fish classification accuracy using RBFs-based SVMs; the best out of the four tested classifiers. Fig. 4 shows a set of in/correctly classified wells using the per-fish approach. Observe that some misclassifications (e.g., Fig. 4d ) result from debris in the micro-plate wells.
CONCLUSIONS
We have proposed an automatic and robust method for highthroughput extraction of the zebrafish tail curvature in multifish wells. It is a general algorithm and relatively independent of the number and posture of the fish in the well. Our results indicate class separation between the curvatures for the un/treated zebrafish. Future work includes the application on larger datasets. Some steps of the analysis pipeline have been implemented as part of the open source CellProfiler project (www.cellprofiler.org). We aim to make the full algorithm available to the zebrafish screening community.
